Automated Instrumentation for Continuous
Monitoring of the Dielectric Properties of
Woody Vegetation:

System design, implementation and
selected in situ measurements

Kyle C. McDonald *, Reiner Zimmerman T,JoBea Way *
and William Chun*

* Mail Stop 300-233
Jet Propulsion I Laboratory

California Institute of ‘1’ethnology

4800 Oak Grove Drive
Pasadena, CA 91109-8001, U.S.A.

Phone:(818) 351-3263

FAX: (S1S) 354-9476
email:kyle.mcdonald@jpl.nasa.gov

T Bayreuth Institute for Terrestrial Ecosystem Research
(111"101<)
The University of Bayreuth
Dr. H. Frisch Str. 1
D-95448 Bayreuth, Germany

Abstract — Design and implementation of asystem for the automated and con-
tinuous n situw monitoring of the dielectric constant, of woody vegetation tissue
is presented. Implementation of both single channel and multi-channel systems
is discussed. These systems permit unsupervised continuous and long-terin mon-
itoring of vegetation canopy dielectric behavior in remote field sites. Utilizing
open- ended coaxia lines, the real and imaginary parts of microwave dielectric con-
stant of woody plant tissue are inferred from direct measurement of the magnit ude
and phase of the microwave reflection coefficient. A sample of insitu data ob-
tained from three field studies is presented. These examples demonstrate that
measurements obtained with our systems allow new insight into the dielectric be-
havior of vegetation with respect to the physiological and hvdraulic function of
trees. The observations provide a significant advance in our ability to link canopy
physiological andhydraulic behavior to radar remote sensing observations.



1 Introduction

Past rescarch has demonstrated that significant variations in dielectric prop-
crties of trees (€, ) occur during changes in tree canopy water status (W)
(20, 21,31, 42, 46]. Radar backscatter from tree canopies is influenced by canopy
structure and dielectric properties. A tree’s dielectric properties are iun turn in-
fluenced by canopy water status. Therefore it is possible that useful information
concerning long and short term variationsinW,,.. may be observed remotely with
synthetic aperture radar (SAIL). If a link between ¢;ree and ¥,,.. can be made,
radar then offers a unique capability to monitor changes in¥,,... from spaceborne
platforms. This would permit large scale regional mapping of diurnal, weekly and
seasonal variations within ecosystemns that are caused by changes in hydraulic pa-
rameters related to vegetation and soil freeze/thaw state, canopy water content,
and xylem water potential.

‘Two distinct problems must be addressed to develop techniques for remotely
monitoring canopy water status and associated physiological properties. lirst, the
relationship between canopy dielectric properties and radar backscatter must be
well understood. This has been addressed over the past years through field exper-
iments and development of theoretical backscattering models [5, 11, 16, 1 i’, 2S, 33,
35, 38, 43]. Second, the relationship between the dielectric constant of the canopy
constituents and their associated physiological parameters must be understood.
Models that relate vegetation water content to diclectric constant under static

laboratory conditions have been developed[36]. However, in situ observations



of veget ation dielectric behaviorindicate ahighly dynamic time-varying behavior
which is more complex than accounted for by existing static vegetation dielect ric
models. [t is well understood that dielectric constant del)(’[ids directly on vege-
tation water content. However in vivo mcasurements of dielectric constant have
shown more significant variability than can be accounted for through changes in
water content of living plant tissue alone ['20, 46]. Significant changes in dielectric
properties will affect radar backscatter. The key to exploiting radar as an instru-
ment- for monitoring vegetation canopy hydraulic properties lies in developing an
understanding of the relationship between canopy hydraulic changes and dielectric
constant.

The average dielectric constant (¢,) of a vegetation constituent relates to a
composite of various structurally and physiologically different plant components.
I'or each constituent,e¢, is sensitive to such plant physiological parameters as tissue
water content, the proportion of bound to free water, its electrolytic composition,
and hydraulic plant water potential. The vegetation water status and thus e,
changes diurnally and seasonally. Monitoring of ¢, in various plant tissue’s permits
the unraveling of interactions between ¢;... and W4,... A functional modele= f (V)
may thus be developed which allows ecologists and climate modelers to obtain large
scale information about vegetation water status for studies of energy balance. water
exchange, nutrient uptake and carbon balance within the soil- plant -atmosphere
continuum [44].

The largest water-containing component of mature trees is the trunk. As tree
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trunks have a complex, multi-layered anatomy, the dielectric constant varies with
depth fromthe bark surface [25]. Figure 1isan illustration of the different anatom-
icallayers of a typical dicotylous tree bole. The outer layers include the bark and
tile bast whichare protective layers with verylow dielectric constant. The bast
cambiumn, the phloem, and the cambium are high dielectric regions consisting of
a thin layer of cells through which proteins and carbohydrates are actively trans-
ported in aqueous solution from the canopy to the roots. Beneath the phloem is
the hydroactive xylem through which water and minerals movein small vessels
from the roots to the canopy [24, 30]. The inner tree core with itsinactive xylem
acts primarily as a tree support structure and as a long term water storage com-
partment [40]. Conifers have a similar anatomical arrangement of functiona layers,
but xylem vessel diameters are generally smaller and hydraulic flux resistances are
larger. Monocotylous trees such as pams and yucca have evenly distributed units

of phloem/xylem throughout the stem cross sect ion.

To investigate the response of dieclectric properties to canopy physiological pa-
rameters, and to understand the links between plant physiology and temporal
changes in radar backscatter, it is necessary to document the status and change
in vegetation dielectric and physiological properties. Our efforts have thus been

directed toward the understanding of three key issues:

1. Dielectric constant of plants as influenced by changes inplant water status

Work on understanding the dielectric properties of plant tissue has been clone

using both modeling approaches as wells as measurements on isolated plants



[s, 9,12, 11, 15, 20,27, 31, 31]. Vegetation dielectric ¢onstant is influenced
mainly by the tissue water content. The role of chiemicals in solut ion (salin-
ity) is well investigated [37] and confirms that dielectric constaut must vary
with changes in osmolarity as well. However, the plant leaf tissues and other
structural components (trunks andbranches) represent spatially highly vari-
able arrays of proteins, carbohydrates, and bound and free water in xylem

vessels and living cells.

2. Short term and diurnal changes in vegetation dielectric constant

Plant water potential characterizes the actual water availability for plants
and influences their carbon uptake capability. Models have been under de-
velopment such that, when linked with the ineasurement of environment al pa
rameters, the water loss of entire forest stands as well as their carbon uptake
can be estimated [3, 6]. The knowledge of stand transpiration and the abil-
ity to derive canopy conductance of water vapor on a regiona scale provides
essential information for global climate simulations and models (G CMs). Di-
rect measurement of water potential of large plant communities by remote
sensing techniques would close a gap in our ability to drive such models with

directly measured parameters.

3.Long term (seasonal) variations of vegetation dielectric constant

Accurate information on the length of growing season significantly improves

estimates of annual carbon exchange in high latitude regions. I'or evergreen



conifers of the boreal region, the frost - free period bounds the growing season
length and the duration of the period of significant CO;uptake by photosyn-
thesis. ['urthermore, both coniferous and deciduous tree typesare driven in
their long term growth potential by the length of time during which active
mineral and water uptake through the soil-root continuum is possible. Esti-
mating the annual time span during which favorable soil temperature regimes
persist is likely to be of moue ecological significance than determination of the
temperature regime of the above-groulld biomass. Measurements collected
in Alaska and Canada by the NASA/JPL AIRSAR and the ERS-1 SAR
show’ that regional freezing results in a significant drop in radar backscatter.
This drop is caused by a sharp decreasein soil and canopy dielectric con-
stant as the water in the vegetation and organic soil freezes [29, 44,45].To
address the use of imaging radar for estimating growing season length, the

relationship between canopy, bole, and soil freezing, and the beginning and

end of seasonal photosynthetic activity must be ascertained together with the
sensitivity of spaceborne imaging radarbackscatter to freeze/tllalv processes

within the vegetation and organic soil.

Documentation of the status ancl change in vegetation dielectric properties and
water status necessitates the development of a stableand reliable capability for
in situ measurement of ¢,. The field portable dielectric probe (PDP)devcloped
by Applied Microwave Corporation [2, 4] has been used to characterize microwave

dielectric properties of vegetation and soil in many remote sensing studies. Figure



2 is a system-level block diagram of the hand-held PDP unit. The probe consists
of a reflectometer and a signal processing assembly. The open-ended coaxial probe
tip that terminates the mcasurement cable is placedin contact with the dielec-
tric medium, or test sample. Thereflection coefficient (amplitude and phase) as
measured at the probe tip is determined from the output of a comparator cir-
cuit that compares the signal reflected from the test sample to that reflected from
the open-ended coaxial reference cable. I'or proper operation, the cables of each
reflectometer channel are phase trimmed so that the reference and measurement
channels are of nearly identical electrical length. The comparator output voltages
are digitized in the signal processing assembly by an 8 bit A/l) converter and
stored on an 11P-41 band held computer. The test material’s dielectiic constant is
inferred from the measured reflection coefficient through application of an equiv-
alent circuit model relating these quantities to parameters derived from reflection
coefficient measurements taken on a set of reference materials of known dielectric
constants.

To measure the dielectric constant of one of the anatomical layers of a tree
bole with a PDP, a hole is drilled into the trunk at the location and to the depth
desired. Before inserting the measurement tip, a reference calibration is obtained
to account for system drifts induced by temperature changes or flexing of the RF
measurement cable. Air is generally used as thereference medium. The open-
ended coaxial probe tip is then placed in contact withthe measured tissuc and

slight pressure is applied by the operator to ensure good contact between the probe



tip and the tissue. Aseries of several consecutive measurements is performed and
averaged to obtain a single estimate of dielectric constant ata single depth and
single pointintime. Measurements may be stored inthe hand held computer for
post processing and analysis.

A typical dielectric profile of a tree trunk (dielectric constant as a function of
depth) is shown in Figure 3. These measurements were made of a white spruce
tree with trunk diameter at breast height of about35 cm at the Bonanza Creek
Experimental Forest, Alaska during March 1988 while the trees were in athawed
state [41, 44]. The peaks observed in both the real and imaginary parts of the
dielectric constant at depths between 1-4 crm correspond to the phloem and poten-
tially hydroactive xylem tissues. The bark and permanently hydropassive xylem
have relatively low dielectric constants because they contain little free water as
compared to the phloem and hydroactive xylem regions.

The PDP was designed to provide a ficld-portable capability for in situ mea-
surement of diclectric constant. However, tile hand-held unit is inefficient for
obtaining the large amounts of data requiredto accurately characterize the temn-
poral and spatial dynamics of €. and relating these observations to vegetation
physiology. Obtaining the large amount of repeated measurements necessary to
accurately characterize this relationship is extremely time and labor intensive and
requires personnel to be in continuously in the field.

The accuracy of the data acquired with the PDP is dependent on the oper-

ator’s ability to repeat measurements with consistent technique. Thehand held
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computer that serves as the user interface severely limits the ability of the instru-
ment to store large amounts of in situ measurements. Another limitation of the
portable probe is that for accurate measurement, tile reference calibration proce-
dure must be periodically repeated, requiring removal of the measurement tip from
the observed medium. This limits the ability to discriminate more subtle changes
in dielectric constant in situ without perturbing the measurement tip/tissue ge-
ometry. Changes in tip/tissue geometry and in the pressure applied to the PDP
probe tip by the operator during measurement can introduce significant variations
in the resulting estimates of ¢,. To avoid such problems, largespatial samples
may be acquired. However this approach is limitedin plants because of naturally
occurring spatial variations and because damage to the plant tissue caused by the
repeated measurement processes eventually alters the tissue's performance.

In this paper, we present the design andimplementation of a dielectric measure-
ment system (DD MS) that allows the a utom ated, sim ulta ncous, and conti nuous in
situmoniitoring of the dielectric properties of vegetation canopy constituents. Our
design effort was undertaken to overcome the limitations of measurement geometry
variations and repeated manual calibration, to facilitate the measurement scheme
necessary to carry out experimentsinvolving continuous or long-term monitoring
of tree dielectric properties, and to allow the use of multiple probes for proper
statistical design of experiments. Utilizing the open-end coaxial line measurement
technique implemented with the 1'1)1, this system facilitates long-term continu-

ous monitoring of canopy dielectric properties. Systems have been constructed to



monitor reflection coefficient, at P-band (0.-15GHz), [,-band (1.2 GHz)and C-band
(5 GHz). These frequencies were chosen to coincide with frequencies 01 existing
airborne and spaceborne radarsystems and to allow use of electronics implemented
in available PDP units. Sections2and 3 of this paper review details of designs, in-
stall ationand operation of the measurement systems. The DMS has been deployed
at several field sites together with instrumentation for monitoring canopy physio-
logical parameters during a number of experiments. Weprovide some examples of

concurrent measurements of ¢;,.. and W,,.. in Section 4.

2 System Design

The dielectric monitoring system (DMS)developed for this application incor-
porates a PDP unit with switching network and data logger assemblies that permit
autonomous monitoring of dielectric constant in a near-continuous fashion [18, 19].
Both single- and multi-channel systems have beendeveloped andtested in field ex-
periments. Figure 4 is a system-level block diagram of the single-challnel DMS.
This unit consists of one PDP augmented with a Delta-T Devices data logger and
a custom-built measurement/calibration switch assembly. 1'he measurement cable
of the PDP is connected directly to the switch assembly which consists of a mi-
crowave switch and two open-ended coaxial probe tips. The measurement tip is
implanted into the test medium/(e.g. a tree trunk) and the reference calibration
tip is suspended in an air tight vial containing a small ainount of desiccant to keep

the air in the vial dry. This tip is used for reference air calibration readings and



for system calibration checks performed against calibration standardswiththe dry
air vial removed. The electrical length of the reference cable within the RI"mea-
surement head must be modified to account for the change inthe clectrical length
of tile measurement cable/tip combination caused by the addition of the switch
assembly.

For each measurement sample, the data logger stores three channels of informa-
tion: (1) the reflection coefficient magnitude, (2) the reflection coefficient phase,
and (3) the tip assembly switch position. Switching of the DMS assembly between
measurement and calibration tips is controlled through an interface with a switch
control unit that is commanded by a control signal supplied by a data logger relay.
With the data logger relay open, the tip assembly is in the calibration position;
when the relay is closccl, the assembly switches to tile measurement position. Po-
sition of the switch is monitored by the logger through a switch position indicator
signal supplied by the switch control unit. The reflection coefficient measurement
is supplied to the logger through an analog signal interface with the PDP that pro-
vides the pre-processed analog voltages corresponding the magnitude and phase of
the reflection coefficient. These data are digitized in the data logger by a 12 bit
A/D converter, providing improved resolution over the 8 bit A/D converter in the
PDP processor assembly.

The timing of the switch assembly toggling and the sampling rate of the data
are programmed by the user into the logger systemn software and storedinthe log-

ger memory. Thelogger used in our system (Delta-1" Devices data logger with full
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memory extension) is capable of storing more than 120,000 individual readings,
corresponding to over 40,000 sets of reflection coctlicient/sw itch position observa-
tions. Thus, if an adequate power source is available in the field ((e.g. a bank of 12
volt batteries charged by a set of solar panels). it is possible to deploy One of these
systems in a remote arca for several monthsand obtain autonomous long-term
measurements of the temporal dynamics of dielectric constant for asingle canopy
constituent.

Iigure 5 is a system-level block diagram of the multi-channel dielectric monitor-
ing system. This unit operates on the same principle as the single channelunit,but
it also incorporates a multiplexing scheme for monitoring several channels of diclec-
tric measurements with a single PDP unit. Tllulti-channel units constructed so far
have incorporated an eight channel multiplexing scheme, thus each is referred to as
an “octopus.” The multiplexing unit consists of a switch control unit that operates
a microwave switching network. The switching' net work Switches the measurement
and reference channels of the PDP comparator circuitry in tandem between pairs
of measurement and recference cables. Fachmeasurement cable is connected to
a single measurement /calibration switch assembly. Fach reference cable must be
trimmed to the same electrical length as the corresponding measurement chan-
nel to allow for proper operation of the PDDP comparator circuit. The switching
network steps in sequence among the measurcinent /reference cable pairs. allow-
ing the PDP unit to monitor a number of independent measurement/c alibration

switch assemblies andthus permitting autonomous monitoring of several canopy
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const ituents in a near-simultancous tashion.

The switch control unit internal to the multiplexing unit operates both the
microwave switchingnetwork and each of the measure me nt/calibration switch as-
semblies. The control unit also interfaces withthe data logger through a set
of control andcommunication cables. These cablescarry signals from the log-
ger relays, commanding the operation of the microwave switching network and
the measurement/calibration switch assemblics. The data logger records the pre-
processed analog signal from the PDP unit (magnitude and phase of the reflection
coefficient) along with a signal from the switch control unit that indicates the po-
sitions of the switching network and the corresponding measurement/calibration

switch assembly.
3 System Installation and Calibration

System tests and in situ measurements utilizing the octopus as well as single
channel DMS units were performed as part of field experiments in various cli-
matic regions. I'igures6 - 8 are photographs of various components of an octopus
and its installation site at the Bonanza Creck Fxperimental Forest (B CEF), near
Fairbanks, Alaska. Figure6 shows an eight channel multiplexing unit and a mea-
surement /calibratjon switch assembly. The measurement and reference channels
of the interfacing PDP’s R} comparator circuitry connect to the twoSMA style
connectors on the far right handside of the multiplexing unit. The svstem is

powered by a bank of 12 volt DC batteries charged with a set of solar panels.



To monitor the dielectric behavior of atreetrunk, a hole is drilled tothe desired
depth, a measurement probe is inserted with an attached measu remen t/calibration
switch, and the assembly is strapped to thetree (Fig. 78). The coaxial probe tips
employed for these measurements have a center electrode extended about 1 mm
beyond the outer probe shielding. Thistype of probe geometry has been shown
to improve probe contact with the measured medium while increasing the probe’s
effective measurement volume and still allowing accurate characterization of an
acceptable range of dielectric constant values[23, 32]. Inserting tile probe to a
depth of 0.,5-1 cm into the wood assures good mechanical support for the assem-
bly while still allowing placement within tile trunk’s hydroactive tissue. Before
installation, profiles of dielectric constant vs. depth (Fig.3) may be measured
and tree core samples may be taken to verify the extent of the hydroactive xylem
tissue and to determine the optimal insertion depth of the measurement probe.
‘I"he measurement ant! switch control cables and the reference calibration tip are
then connected to the switch assembly (Iig. 7b). In order for the systemn to obtain
accurate reference calibrations for each measurement series, it is important that
the calibration tip bethesametypeand size as the measurement tip so that the
two tips have identical electrical characteristics.

As installed at the BCEL" test site, the octopus monitoredthe dielectric behav-
ior of several trees (Fig.8). A single measurement/calibrationswitch assembly
was installed on each monitored tree. The measurement/reference cable pairs were

run to each switch assembly together with a switch control cable inside PVC pipes

13



to protect the cables from direct exposure to weather and damage from wildlife.
After the octopus is in place, cachreference cable istrimmed to the same electrical
length as its corresponding mecasurement cable/measurement switch assembly to
allow proper operation of the PDP RIF comparator circuitry. The switch assemblies
are then covered with a protective sheet of plastic insulation.

Each system channel must be calibrated so that dielectric constant may be
computed from the reflection coefficient measurements. This is accomplished by
taking readings of reflection coefficient on a series of caibration standards of known
dielectric constant. We use a selection of alcohols and solvents as calibration
standards. The reference tip allows periodic calibration checks during equipment
servicing.

The calibration procedure is identical to that used to calibrate the hand-held
PDP units and is discussed in detail by Dobson [7] and in the PDP users’ manual
[2]. The procedure is based on application of an equivalent circuit model that
relates the dielectric constant of the substance placed in contact with tile probe
tip to that of a capacitor filled with a material of equivalent dielectric constant.
Applying this equivalent circuit model to the probe measurement yields a straight-
forward relationship that relates two transformation variables (TranR and Tranl)
to the voltage output of the PDP unit:

- —2 Vbl sin[‘z’scaIC (dn" 94 )] 1)
ranR =

D|1:]
Vol (2)

Val> - Vo
Val> D

0o

Tranl
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where
VD] , Vo)
D=1+2—-"cos|{o. 1. (Op-d4)| + —5 .
t il cos [‘Dscal(, (é0 ,J.\)] WHZ (3)

with

Vp = voltage output of thel PDP, corresponding to the magnitude
of the reflection coefficient, with the diclectric test sample
in place

¢p = Vvoltage output of the PDP phase detector, corresponding to
the phase of the reflection coefficient. with the diclectric test
sample in place

V4 = voltage output of the PDP, corresponding to the magnitude
of the reflection coeflicient, with the probe tip terminated
in ar

¢ = voltage output of the PDP phase detector, corresponding to
the phase of the reflection coefficient, with the probe tip
terminated in air

bscale = an interna calibration factor.

The internal calibration factor, ¢q .10, IS determined by comparison of an open
circuit measurement (air) to a short Circuit measurement obtained by placing a

conductive metal across the probe tip:

180
Pscale = bs — da )

where ¢s is the voltage output of the PDP phase detector with the probe tip termi-
nated by a short circuit. We use mercury to obtain the short circuit measurement.

The transformation variables, TranR and Tranl, arc computed separately for
the rea and imaginary parts of the dielectric constants of the calibration stan-

dards, respectively. IMigure 9shows the real and imaginary parts of the calibration



diclectrics plotted against TranR and Tranl for one octopus- channel. A weighted
least squares linear regression is applied tothese data to obtain transform equa-

tions of the form

/ / e / -
= : +-

€, € scale JTaNR +- (3)

I " S "

& = €ecalelranl +a (6)

and ¢

R ! i i " ! . q
for the real (¢) and the imaginary (€”) parts. The scale factors € cale " cale

are given by the slopes of the lines fit to ¢ and ¢, respectively, and the intercepts
o' and o approach 1 for ¢/ and O for €, in the equivalent circuit model.

While in its operational mode, the octopus monitors | V)| and ¢p with the
measurement tip as voltage readings that arc stored in the data logger. Prior to
beginning each a new measurement sequence for each octopus channel, |Vi| and ¢4
arc monitored to account for system drifts.}igure 10 shows a 3-day time series of
reflection coefficient measurements of the hydroactive xylem tissue of a black spruce
tree (Picea mariana) at the BCEF. The top graph shows the comparator output
voltage, proportional to tile, magnitude and phase of the reflection coeflicient as
measured in the trunk tissue. Thecenter graph show’s these quantities as measured
in free space by the reference calibration tip. Applying the calibration actuations

to these data yields the tiltle-series dielectric constant shown in the bottom graph.
4 In situ Measurement Examples

Several field experiments have been conducted employing our DMS units in

concert with systems designed to characterize hydraulic response (water potential)
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of veget ationinre lation to atmosphere:/canopy vapor pressure gradients. Fcophys-
iological mounitoring equipment employed in these studies included xylem sap flow
sensors for monitoring water flux in the tree trunks [13] and meteorological sensors
for monitoring canopy microclimate. A typical field deployment includes sensors
for monitoring xylem dielectric constant, xylem sap flow, photosynthetic active ra-
diation (PAR), air humidity, and temperature of air, woody plant components, and
soil at various depths. This section presents asample of measurements acquired
during some field activities. The presentation here is to demonstrate the utility of
the dielectric measurement systems in interpreting information concerning plant

water status.
41 Bonanza Creek Experimental Forest (B CEYF), Alaska

During 1993 and 1994, one octopus was deployed within the BCEF, 20 kin west
of Fairbanks, Alaska, on the Tanana River floodplain. The BCEF is a Long Term
Fcological Research site monitored by the U.S. Forest Service and an AIRSAR and
FRS-1 study site. We selected two adjacent stands close to an oxbow slough. First,
a mature mixed balsam poplar ( Populus balsamifera) - alder (Alnus fen uifolia)
stand on a well drained aluvia terrace with gravel andsand deposits. Second, an
old white spruce ( Picea glauca)stand with intermixed black spruce (Picea mariana)
and ader (Alnus spec.) in theunderstory, growing on a laterally drained soil with
permafrost. The rooting system of the balsam poplar stand reaches the ground
water’ levelwhilethe rooting depth in the old w'bite sprucestand is confined to the

upper active soil layer where the highest annual soil moisture fluctuations occur.
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Annual precipitation is 287 mm. Annual evaporatiom at the sites in summer ranges
from approximately 250 to 330 mm [39].

[lig. 11 shows measurcments of the real part ofthe I.-band dielectric constant
as mecasured in the xylem tissue together with the xylem sap flux density for a
balsam polar tree and a black spruce tree. Displayed data were acquired between
June 24 and July 1, 1993, shortly after the summer solstice. The two trees are
separated in the test area by less than 50 meters.

We observed consistently higher xylem flux rates in the balsam poplar tree
(top graph) than in the black spruce (bottom graph). At the beginning of the
observation period, the xylem dielectric constant of the balsam poplar is signifi-
cantly higher than that of the black spruce. The balsam poplar dielectric constant
decreases over the course of one week until it nearly matches that of the black
spruce in terms of absolute magnitude. The week was without rain and high evap-
orative demand persisted. A decrease in the water content of the poplar may be
responsible for the decreasing trend in ¢,. In the summer, the black spruce is under
moderate but persistent water stress.

From the standpoint of diurnal variation, the balsam poplar exhibits its high-
est flux rates and xylem diclectric constant between 12:00 and 18:00 and lowest
between 00:00 and 06:00. Inthe case of the black spruce, however, we observe that
maxima in both flux anddielectric constant occur between 00:00 and 09:00, while
the minima occur between 12:00 and 21:00. One intuitively expects flux maxima

to occur mid-day while PARand vapor pressure difference (VPD) are nigh, and



minima to occur near pre-dawn since these generally represent periods of maximum
and minimum evapot ranspirative demand, respectively. This is the case with the
balsam poplar. However,the black spruce measurements demonstrate that it is
possible to have trees with dramatically different flux behaviors even though they
are under very similar meteorological conditions. In both trees, we find the diurnal
pattern observed in the xylem dielectric constant to be in phase with that of the

sap flux.
4.2 BOREAS Field Campaigns, Canada

The Boreal Ecosystem - Atmosphere Study (BOREAS) is a multidisciplinary
field and remote sensing study the goal of which is to obtain an improved under-
standing of the interactions between the boreal forest biomeand the atmosphere in
order to clarify their roles in global change. The two principa BOREAS field sites,
both located within Canada, arc locatedin the southern boreal ecotone,encom-
passing Prince Albert National Park, Saskatchewan, and in the northern boreal
ecotone near Thompson, Manitoba. During 1994, we instrumented a total of four
stands at the northern and southern BOREAS test sites (designated NSA and
SSA, respectively) with an entire suite of sensors which operated throughout much
of the growing season [22, 47]. An L.-band octopus was installed at the SSA young
jack pine (YJP)stand and individual single channelDMS units were installed at
the SSA old jack pine (OJP)stand (P-band), SSA old black spruce (OBS)stand
(P-band), ant{ NSA old black spruce (OBS) stand (C-band).

F'ig. 12 includes several graphs that summarize measurements of xylem dielec-
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tric constant and sap flux in threeindividual trees, one in each of stands SSA OJP,
SSAOBS, and NSA OBS. Dielectric constant is plotted for April 24-30 and June
5- 11,1994 and xylem flux density is plotted tor June ,5-11. All three trees ex-
hibit sonic diurnal variation in their xylem dielectric constant with a pronounced
stand-to-stand variation. The change in diurnal response in dielectric constant
from April to June is aso notable. The SSA OJP tree shows similar amplitude
variation during both April and June, but the maxima are inverted. During April,
¢, reaches minimum values at the end of the night whilein June the lowest ¢,
occurs during late afternoon when the stem water storage is depleted and water
potential is lowest. The dielectric of the NSA OBS tree shows a marked increase
from April to Junein both its absolute level and in its magnitude of diurnal fluc-
tuation. The xylem dielectric constant of tile SSA OBS tree flattens to a nearly
constant value of approximately 10 as the growing season progresses into June.It
is also noteworthy that the xylem flux rate in this black spruce tree is very low.
Xylem sap flux behavior is similar for al three trees, with SSA QJP showing the
largest and SSA OBSshowing smallest daytime magnitudes.

Fig.13 shows xylem sap flux, vapor pressure deficit, air and soil temperature,
and xylem dielectric constant (C-band) for a single tree in the NSA OBS stand
from April 10 (DOY 100) through November 6,1994 (DOY 310). This period
spanned the entire growing season. Although the dielectric constant measurement
series was begun after the tree trunks began to thaw, a notable increase in absolute

level of ¢, occurred between DOY 125 and DOY 130(May 5-1 O). This corresponds



tothe period during whichthe upper 40 cin of the soil and moss layer thawed,
thus allowing the plantto draw more waterfromthe soil. As the growing season
progresses into late summer and fall, a decrease in the amplitude of the diurnal
variations in xylem dielectric constant and also a general decrease in its absolute
magnitude was observed. Freeze-up occurred in late October.

Fig. 14 shows, for the SSA YJP stand,PAR, air temperature and VPD, xylem
flux density, mean xylem dielectric constant of eight jack pine trees (1.-band, real
part), and xylem dielectric constant of four selected individuals during a three clay
period from July 22-24, 1994. For each individual tree, xylem dielectric constant
was measured with a single coaxial probe inserted to a depth between 0.5 and 1.5
cm within the hydroactive xylem tissue of the mainstem. Absolute values of mean
dielectric constant were generally low and increased by about 25% from daytime
to nighttime. Lowest values were observed from midday through late evening
with highest values occurring briefly past midnight through sunrise. Mean xylem
dielectric constant showed a decrease with higher VPD and sap flux density but
the trend was not significant. Individual trees varied widely in trend and diurnal
amplitude of xylem dielectric constant changes (l'ig. 14, bottom). Maximum
increase observed in a single individual was approximately 60% diurnally, while in
some other individuals almost no diurnal variation was observed. The variability
was not explained by variation in tree size or relative canopy exposition and was
not correlated with measured water potential changes. In individual trees, the

correlation between xylem dielectric constant, micro-r meteorological parameters,



tree water statusand xylem flux density was weak.
4 . 3 Gippsland Eucalyptus Forest, Victoria, Australia

One particularly interesting example of a tree's dielectric response to meteoro-
logical parameters was observed during the 1993 NASA/JPL AIRSAR deployment
to Australia. During this deployment,we installed three single channel DNS units
in the Gippsland region of Victoria, Australia. This region contains an area of
native forests in the foothills of the Great Dividing Range [1, 10]. Thetwo domi-
nant species of these forests are white stringy bark (Eucalyptus globoidea) and red
box ( Fucalypt us polathemos), whose populations are 60% and 30%, respectively.
These species are intermixed with mountain grey gum ( Fucalyptus cypellocarpa),
reel ironbark ( Eucalyptus sideroxylon),candleb ark ( Fucalyptus rubida), and silver
wattle (Acacia dealbata).In this study, we examined the trees' diurnal dielectric
response and determine the sensitivity of radar backscatter to diurnal changes in
dielectric constant. Although several rain showers impaired the interpretation of
AIRSAR backscatter data, the significant input of rain water didlcad to some
interesting dielectric observations.

I"ig.15 shows the P-band dielectric response measured in the trunk of a white
stringybark over several clays during September, 1993. l'rom September 5 - 7,
dielectric constant reached maximum values at about 10:00 each morning. Between
11:00 and13:00,a marked decrease in dielectric constant occurred during each of
these clays. The maximum such decrease occurred on Sept. 7 when the real part

of ¢, dropped from a value of 15 to aminimum of 7, a decrease of more than 50%.
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This decrease coincides with the period of increasing evapotranspirative demand
on thetree. Dielectric remained relatively low between13:00 and 19:00, when
recovery began. During this time, the loss tangent varied from a maximum of 0.36
in the mornings to a minimum of 0.15 after midday.

A light rain began falling during the morning of September S, with moderate
rain showers beginning mid-afternoon. Records from a weather station inMafra,
several kilometers away, indicated that 22.2 mm of rain fell during the 24 hours
following 9:00 September 8. Up to that timne, this was one of the largest rain events
recorded in Mafra during 1993. An additional 4.6 mm then fell on Sept. 9 after
mi dday.

The effect of this large influx of water on the dielectric constant is dramatic.
Whereas the diurnal trend in ¢, continued through Sept. S, an increasing trend
in dielectric began on the morning of Sept. 9. The timing of this increase coin-

cides with the mid-morning increase in evapot ranspirative dernand. The increase

in dielectric continues through midday Sept. 12 when the more famniliar diurnal
pattern returns.

Another 12.6 mm of rain fell on Sept. 12., as measured at the weather station in
Mafra. This rain event is again reflected as an increase in ¢, beginning with the mid-
morning increase in evapotranspirative demand On that day. The measurement
series ends on Sept. 13 with ¢, approaching 28 — j 19.

The loss tangent increased from about 0.2011 Sept. S, to about 0.7 late night

Sept. 11, thus reflecting the increase ine¢! relative to €. As ¢ is more sensitive to




changes in ionic concentration than is ¢!, it is likely thatthe observed trend in loss
tangent reflects a change in xylem fluid chemistry that occurred as a result of the
large influx of water into the rooting zone and then intothe xylemtissue brought

about by the rain events.

5 Concluding Remarks

Continuous monitoring of vegetation dielectric properties promotes understand-
ing of the variations in dielectric constant that occur on both seasonal and short-
term (diurnal) time scales. We have presented the design and implementation of
a dielectric measurement system (DMS) that allows automated and continuous in
situ monitoring of the dielectric behavior of woody vegetation tissue. Implemen-
tation of both single channel and multi-channel (octopus) systems were discussed.
These systems employ the same measurement technique as the Portable Dielectric
Probe built by Applied Microwave Corporation but have been adapted to facilitate
the continuous and long-term monitoring of vegetation canopy dielectric behavior
in remote field sites.

We presented a sample of in situ data obtained from a series of three field studies
during which we deployed several of these systems. Thesc examples demonstrate
that together with contemporaneous hydraulic and meteorological measurements,
measurements obtained with our systems give new insight into the dielectric be-
havior of vegetation with respect to physiological and hydraulic function. The

interpretation of tile temporal response of vegetation dielectric constant and its



relationship to physiological and hydraulic parameters should prove most useful in

linking these paramecters to radar remote sensing observations.
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Figure 1: [lllustration of the anatomy of a tree bole showing the bark. bast, bast
cambium, phloem and xylem regions.
from Planet FKarth: Forest,

Art by Trudy Nicholson,

©1 983 Time-Life Books Inc. [26]

Figure2: System- level block diagram of the Applied Microwave CorporationField
Portable Dielectric Probe (PDP).

Figure 3: Dielectric constant as a function of depth into a white spruce tree bole.
Data shown are 1,-band ( 1.2 Glz) measurements obtained during the March 19SS
JPLATRSAR deploy ment to the Bonanza Creck Experimental Forest, Alaska.

Figure 4: System-level block diagram of the single-channel dielectric monitoring
system incorporating a single PDP with a custom-built switching assembly and a
Delta-T Devices data logger.

Figure 5: System-level block diagram of a multi-channel dielectric monitoring sys-
tem, incorporating a single PDP with a custom-built multiplexing unit, several
measurcinent/calibration switch assemblies, and a Delta-T Devices data logger.
The systemn shown in this diagram allows multiplexing of four independent chan-
nels with a single PDP. The systems thus far deployed allow multiplexing of up
to eight independent channels and thus each is referred to as an ‘(octopus>'. Ad-
ditional PDPs of different operating frequencies can be multiplexed at the input
to the microwave switching network, allowing multifrequency measurements to be
made with a single installation.

Figure 6:Photograph of an eight channel multiplexing unit and one mecasure-
ment /calibration switch assembly. The series of cables and connectors across the
bottom of the multiplexing unit arc the eight switch control cables that control
switching of the measurement/calibration switch assemblies. ‘I'he twosects of eight
SMA-type connectors above thein connect to the eight measurement /reference car
ble pairs. The two SMA-type connectors 011 the extremecrighthand side interface
with the PDP comparator circuitry. Thetwo coaxial probes connected to the
measurement calibration switch assembly arc the reference calibration and mea-
surement probes.
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Figure 7: Installation of a measurementt/calibration switch assembly ona balsam
poplar tree. (a) The assembly is strapped to tile tree with the measurcment tip
implanted in the hydroactive tissue of the tree trunk. (b)The measurement and
swit ch cont rol cables and the reference calibration tip are attached to the assemn-
bly. As shown, the reference calibration tip is suspended inan air-tight vial that
contains some desiccant so moisture does not condense on the reference tip.

Figure S: l'or long-term installation of the octopus, the mecasurement/reference
cable pairs are run through protective PV(C pipes. ‘I'his photograph is of a test
site in the Bonanza Creek Experimental Forest, Alaska, on the Tanana River flood-
plain where several individual trees have been instrumented with a single octopus.
The switch assemblies installed on the trees have been covered with insulation for
protection from direct exposure to rain and snow.

F'igure 9: Graph of dielectric constant vs. transform variable used in determining
the transform from the measured reflection coefficient, to the dielectric constant.
The transformations for both the real and the imaginary parts of the dielectric
constant are shown on this plot. The relationships shown here have been derived
from measurements of air, amyl acohol, hexyl acohal, ethylene glycol, 1 -propanol,
I- butanol, and methanol.

Figure ] 0: Time series plot recorded during July, 1993, showing: (top)magnitude
and phase of reflection coeflicient measured in the hydroactive xylem tissue of a
black spruce tree, (center) corresponding magnitude and phase of reflection coef-
ficient measured with the calibration reference tip in air, and (bottom) dielectric
constant computed from the reflection coefficient measurements.

Figure 11: Xylem dielectric constant (1,-band, real part) and xylem sap flux (grams
H,0/m? sec. ) as measured for a balsam poplar (top) and a black spruce ( bottom).
T'hese data were obtained during 1993 at the Bonanza Creck Experiment a Forest,
Alaska, along the Tanana River floodplain betweenJune24 (DOY 175)and July
1 (DOY 1S2). Numerical labels on the horizontal axis indicate midnight on that
respective day.



Figure 12: Xylem dielectric constant (real part) and xylem sap flux density (in
grams/m’sec.) as observed in the SSA o1d Jack Pine (P- band), NSA Old Black
Spruce (C-band), and SSA 0ld Black sSpruce (C-band)stands at BOREAS during
1994. The dielectric constant is shown for April24-30 and June 5-11. Xylem flux
density is shown for June .5-11.

Figure 13: Data series recorded for the Old Black Spruce stand atthe BOREAS
Northern Study Area for the duration of the 1994 growing season. In order from
top to bottom: Xylem sap flux, vapor pressure deficit (VPD), air temperature, soil
temperature at three depths between O and 40 cm, trunk xylem tissue temperature,
and xylem dielectric constant (C-band).Dielectric data between DOY 163 and
DOY 200 is missing because of damage to system cables by wildlife. Xylem flux
measurements prior to DOY 138 and after DOY 268 have not been fully interpreted
because of ambiguities caused by the freeze/thaw transition periods.

Figure 14: Photosynthetic active radiation (top), mid-canopy air temperature and

vapor pressure deficit (second from top), xylem sap flux density (third from top),
mean Xylem dielectric constant (1,- band, real part) of eight trees (second from

bottom, error bars indicate standard error), and xylem dielectric constant of four
selected individuals of jack pine (Pinusbanksiana) in a young uniformstand for
three clays (July 22-24, 1994) at the BORIAS Southern Study Area

Figure 1.5: P-band (0.45 Gllz) dielectric response of a white stringy bark as mea-
sured from 12:00 noon, Sept. 4 through 12:00 noon Sept. 13. Numerical labels on
the horizontal axis indicate midnight onthat respective day. Real and imaginary
parts of the dielectric constant are showntogether withthe loss tangent. Rain
showers began on September S.
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Picea mariana Old Black Spruce Site — North, Manitoba,, Canadal1994
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YJIPS, Saskatchewan, Canada, 22.-24. July 1994
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Pinus banksiana
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Dielectric Constant
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